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a b s t r a c t

Two tri-armed piezochromic fluorescent molecules of tris(4-(4-phenylquinolin-2-yl)phenyl)amine (TPA-
3Qu) and tris(4-(6-(9H-carbazol-9-yl)-4-phenylquinolin-2-yl)phenyl)amine (TPA-3QuCz) were prepared
and found to exhibit keen fluorescence responses toward compression. With the framework of a twisted,
pyramidal triphenylamine (TPA) center connecting to three large quinolinecarbazole (QuCz) arms, the
amorphous TPA-3QuCz exhibited a large bathochromic shift of 112 nm under gentle grinding forces,
which is different from the small shift of 32 nm for TPA-3Qu under applying a relatively-large pressure of
10 MPa. Conformational transformations involving planarization of the arms were proposed to account
for the observed fluorescence responses of TPA-3QuCz and TPA-3Qu towards pressure.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Organic fluorophores exhibiting color and fluorescence changes
upon external pressure stimuli have drawn lots of attention due to
their convenient tunability and high sensitivity. These piezochro-
mic fluorescent materials have promising practical applications [1],
such as mechano-sensors, security papers, data storage, and also
opto-electronic devices. Most mechanisms responsible for the
piezochromic fluorescence involved the changes of intermolecular
stacking under external pressure stimulus [2e29]. For example, the
intermolecular transformation process involved in the compression
of the cyanodistyrylbenzene derivative [13] caused the corre-
sponding fluorescent color change from blue (B-phase) to green (G-
phase) due to two distinctive crystal packings with varied pep
overlap. Despite the prevalent intermolecular transformation
mechanism, the piezochromism of a donoreacceptor anthro-
quinone imide [28] system was nevertheless due to an intra-
molecular process, in which the single-bond linking donor and
acceptor groups rotates to result in molecular planarization and
therefore, the alternation on the fluorescent color. New piezo-
chromic fluorophores with different structural frameworks are still
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in demand and in view that new architecture provides access for
the real conformational transformation responsible for the
piezofluorochromism.

To have an efficient fluorescence recording system, piezochro-
mic fluorescent materials need to have full coverage of wide
emissive color spectrum under small load of pressure stimuli. Most
of the conventional systems illustrated a relatively-small bath-
ochromic shift (<50 nm) under pressure stimuli. Until now, the
largest emission shift is 124 nm (from green (528 nm) to red
(652 nm)) observed for bis((pyrid-2-yl)vinyl)anthracene [16];
however, such drastic fluorescence change was achieved by a large
pressure load of 8 GPa. Under compression, the crystalline stacking
between adjacent anthracene rings transformed into a more
compact arrangement to result in the observed fluorescence red-
shift.

Piezofluorochromism refers to the pressure-induced shortening
of the intermolecular distance and the cocurrent electronic orbital
overlap to result in the observed bathochromic shift. To maximize
electronic orbital overlap, most piezochromic fluorescent mole-
cules have the architecture with a large planar center connected by
rotable substituents, which undergo geometrical adjustment to
result in a conformer with different fluorescent wavelengths.
Instead of the normal planar central ring, piezofluorochromic TPA-
3Qu and TPA-3QuCz (Scheme 1) investigated in this study possess a
highly-twisted pyramidal triphenylamine (PA) center, to which two
different quinoline arms (Qu and QuCz, respectively) were linked to
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Scheme 1. Syntheses of TPA-3Qu and TPA-3QuCz.
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induce distinct fluorescence responses. Comparatively, TPA-3Qu
with relatively-smaller Qu arms is crystalline material exhibiting
smaller fluorescence shift of 32 nm after a pressure load of 10 MPa.
The varied sensitivity in relationship to the arm structure of TPA-
3QuCz and TPA-3Qu and the pressure-induced structural trans-
formation of the arms are therefore the main focus of this study.

2. Experimental section

2.1. Instrumentations and sample preparations

The wide-angle X-ray diffraction (WAXD) was obtained with a
Siemen D5000 X-ray diffractometer with a source of CuK radiations
at 40 kV and 30 mA. Diffractions patterns were collected with a
scan rate of 0.1�/3 s from the 2q ranges of 2e60�. A mass spectrum
was obtained by using a BrukerDaltonicsAutoflex III MALDI-TOF
mass spectrometer. Photo luminescence (PL) spectra were ob-
tained from a LabGuide X350 FL spectrophotometer using a 450 W
Xe lamp as the continuous light source. 1H NMR spectra were
recorded with a VarianVXR-500 MHz FT-NMR instrument which
use tetramethylsilane (TMS; d ¼ 0 ppm) as internal standard. The
UVevis absorption spectra were recorded with an Ocean Optics DT
1000 CE 376 spectrophotometer. Elemental analyses were per-
formed on an Elementary Vario EL-III C, H, and N analyzer. Melting
point (Tm) of organic compound and glass transition temperature
(Tg) of oligomer were determined from a TA Q-20 differential
scanning calorimeter (DSC) with a scan rate of 10 �C/min under
nitrogen. All solid samples were sealed in a hermetic pan before
DSC scan.

The initial samples were placed in a mortar and were gently
ground by pestle to obtain the ground samples. Powers in an IR
demountable cell holder were also pressurized by a hydraulic
presser to obtain pressurized pellets by desired pressure load. The
sample powders were primarily heated in hotplate to the desired
temperatures before immediate withdrawal to obtain air-quenched
powder as the heated samples for analysis. All compressed samples
were subjected to solvent annealing by placing them in a closed
chamber saturated with triethylamine (TEA) vapor for 10 h to result
in the solvent-annealed samples. Pellets after different treatments
were then investigated by fluorescence spectrometer, WAXD and
DSC.

2.2. Synthesis

Triphenylamine (TPA), 2-aminobenzophenone, aluminum
chloride, acetyl chloride, acetic acid, phosphorus pentoxide (P2O5),
carbazole (Cz), 1-fluoro-4-nitrobenzene (FN) and benzyl cyanide
were purchased from Aldrich Chemical Co. and used directly
without further purification. THF was refluxed over sodium and
benzophenone under nitrogen for more than 2 days before distil-
lation for use. Triethylamine, dichloromethane and m-cresol were
distilled from CaH2 under nitrogen before use.

2.2.1. Synthesis of TPA-3QuCz and TPA-3Qu
TPA-3Qu and TPA-3QuCz compounds were prepared according

to the procedures illustrated in the Scheme 1 and details are given
below.

2.2.2. 1,10,100-(Nitrilotris(benzene-4,1-diyl)) triethanone (TPA-Ac)
Triphenylamine (1 g, 4.08 mmol), anhydrous DCM (20 mL) and

AlCl3 (1.69 g, 12.64 mmol) were added to a three-neck flask under
nitrogen atmosphere and thewholemixtureswere cooled to 0 �C by
ice-water bath. Acetyl chloride (1 g, 12.64 mmol) was then added
dropwise to the stirred reaction mixture at 0 �C. The reaction was
allowed towarm to room temperature and continued for overnight.
The resulting mixture was poured into ice water (125 mL), and the
organic layer was collected, concentrated, and poured into a large
amount of ethanol. The yellowgreenprecipitateswere collected and
purified by column chromatography (EtOAc/hexane v/v ¼ 1/9) to
give TPA-Ac (1.45 g, yield 95%). Mp: 160 �C; 1H NMR (500 MHz,
CDCl3): d 2.55 (9H, s), 7.16 (6H, d, J¼ 8.5 Hz), 7.9 (6H, d, J¼ 6Hz);m/z
(EI MS) Calcd for C24H21NO3, 371.15; Found, 371.11; Anal. Calcd for
C24H21NO3: C, 77.61;H, 5.70;N, 3.77. Found: C, 77.34;H, 5.81;N, 3.10.

2.2.3. N-(4-Nitrophenyl)carbazole (Cz-NO2)
To the stirred solution mixtures of carbazole (2 g; 10 mmol) and

of 4-fluoronitrobenzene (2.11 g; 15 mmol) in dried DMSO (10 mL),
dried cesium fluoride (3.04 g; 20 mmol) was added at once, and the
mixtureswere heated at 150 �C for 15 h under nitrogen atmosphere.
The resultant products were slowly added into stirred methanol
(60mL). The precipitated yellowcrystals were collected byfiltration
and washed thoroughly with methanol. After filtration, yellow Cz-
NO2 crystal (2.82 g; yield 98%) was obtained. Mp: 210 �C; 1H NMR
(500 MHz, CDCl3): d 7.33 (3H, t, J ¼ 7 Hz), 7.45 (3H, td, J ¼ 6, 1 Hz),
7.55 (2H, d, J ¼ 7.8 Hz), 7.96 (2H, dt, J ¼ 13.5, 3.5 Hz), 8.26 (2H, d,
J ¼ 7.5 Hz), 8.49 (2H, dt, J ¼ 9, 2.5 Hz); m/z (EI MS) Calcd for
C18H12N2O2, 288.30; Found 288.35. Anal. Calcd for C18H12N2O2:C,
74.99; H, 4.20; N, 9.72. Found: C, 74.96; H, 4.27; N, 9.85.

2.2.4. 5-(9H-carbazol-9-yl)-3-phenylbenzo[c]isoxazole (Cz-Bz)
To an ice-cooled mixture of sodium hydroxide (4.68 g,

117 mmol), methanol (30 mL), and THF (50 mL), benzyl nitrile
(1.27 g, 10.8 mmol) was added slowly. After stirring for 1 h, Cz-NO2
(2.82 g, 9.78 mmol) was added and the whole mixtures were then
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heated at 80 �C for 20 h. The products were then cooled in an ice-
water bath and the precipitate was filtered and exhaustively
washed with cold methanol. The crude product was purified by
column chromatography (CH2Cl2) to give Cz-Bz (1.41 g; 40%). Mp:
221 �C; 1H NMR (500 MHz, CDCl3): d 7.26e7.35 (2H, tt, J ¼ 14, 7 Hz),
7.85e7.87 (1H, d, J ¼ 9 Hz), 8.01e8.03 (2H, d, J ¼ 5 Hz), 8.06 (1H, s),
8.17e8.18 (2H, d, J ¼ 7.5 Hz); m/z (EI MS): Calcd for C25H16N2O,
360.13; Found, 360.25; Anal. Calcd for C25H16N2O: C, 83.31; H, 4.47;
N, 7.77. Found: C, 83.35; H, 4.54; N, 7.63.

2.2.5. (2-Amino-5-(9H-carbazol-9-yl)phenyl)(phenyl)methanone
(Cz-Pm)

Iron powder (4 g, 71.63mmol) andwater (4 mL) were added to a
stirred suspension of Cz-Bz (1.41 g, 3.91 mmol) in acetic acid
(100 mL). The reaction mixtures were then heated at 95 �C for 24 h
before cooled to room temperature to remove the iron powder by
filtration. The filtrates were then poured into water (500 mL) and
the filtered precipitate was collected and purified by column
chromatography (EtOAc/hexane: v/v ¼ 1/5) to give Cz-Pm (1.27 g,
90%). Mp: 258 �C; 1H NMR (500 MHz, CDCl3): d 7.14e7.52 (12H, m),
7.64 (1H, s), 7.79e7.85 (1H, t, J ¼ 15 Hz), 8.17e8.22 (2H, dd, J ¼ 24,
4.5 Hz), 10.26 (2H, s); m/z (EI MS): Calcd for C25H18N2O, 362.14;
Found, 362.10; Anal. Calcd for C25H18N2O: C, 82.85; H,5.01; N, 7.73.
Found: C, 82.82; H, 5.10; N, 7.66.

2.2.6. Tris(4-(6-(9H-carbazol-9-yl)-4-phenylquinolin-2-yl)phenyl)
amine (TPA-3QuCz)

A solution of P2O5 (5 g, 20 mmol) inm-cresol (5 mL) was heated
at 135 �C for 2 h. After cooling to room temperatures, Cz-Pm (1.27 g,
3.5 mmol) and TPA-Ac (0.43 g, 1.17 mmol) were added and the
whole mixture was heated at 135 �C for another 12 h. After cooled
to room temperature, the products were precipitated from a trie-
thylamine/ethanol (v/v ¼ 1/9; 150 mL) solution to give TPA-3QuCz
(0.93 g, yield 60%). Tg: 200 �C; FT-IR (KBr, cm�1): 748, 836, 1178,
1228, 1282, 1314, 1330, 1360, 1394, 1448, 1492, 1510, 1542, 1588,
1620, 2351, 2852, 2924, 2952, 3043; 1H NMR (500 MHz, CDCl3):
d 7.30e7.33 (6H, t, J ¼ 5 Hz), 7.39e7.41 (6H, d, J ¼ 10 Hz), 7.44e7.71
(21H, m), 7.75e7.76 (6H, d, J ¼ 20 Hz), 7.94 (3H, d, J ¼ 20 Hz), 8.08e
8.1( 3H, d, J ¼ 10 Hz), 8.19 (6H, s), 8.25e8.26 (6H, d, J ¼ 5 Hz), 8.43e
8.45 (3H, d, J ¼ 10 Hz), 8.46e8.48 (3H, d, J ¼ 10 Hz); m/z (EI MS):
Calcd for C99H63N7, 1350.52; Found, 1350.50. Anal. Calcd for
C99H63N7: C, 88.04 H, 4.7 N, 7.26. Found: C, 87.84, N, 4.81, H, 7.35.

2.2.7. Tris(4-(4-phenylquinolin-2-yl)phenyl)amine (TPA-3Qu)
A solution of P2O5 (15 g, 59.95 mmol) in m-cresol (15 mL) was

heated at 135 �C for 2 h. After cooling to room temperatures, 2-
aminobenzophenone (2.31 g, 11.7 mmol) and TPA-Ac (1.45 g,
3.9 mmol) were added. The whole mixture was heated to 135 �C for
another 12 h. The products after cooling were then precipitated
from a triethylamine/ethanol (v/v¼ 10/90; 150 mL) solution to give
TPA-3Qu (2 g, yield 60%). Mp: 208 �C; FT-IR (KBr, cm�1): 701, 770,
840, 1151, 1177, 1237, 1285, 1319, 1357, 1455, 1488, 1509, 1539, 1590,
3030, 3055; 1H NMR (500 MHz, CDCl3): d 7.34-7.36 (6H, d,
J¼ 8.5 Hz), 7.45e7.59 (18H, m), 7.71e7.74 (3H, t, J¼ 9 Hz), 7.8 (3H, s),
7.89e7.9 (3H, d, J ¼ 4.5 Hz), 8.12e8.14 (6H, d, J ¼ 8.5 Hz), 8.22e8.24
(3H, d, J¼ 5 Hz); MSm/z: Calcd for C63H42N4, 854.34; Found, 854.24
(Mþ). Anal. Calcd for C63H42N4:C, 88.50; H, 4.95; N, 6.55. Found: C,
88.45 H, 4.90; N, 6.65.

3. Results and discussion

3.1. Synthesis and characterization

The target compounds TPA-3QuCz and TPA-3Qu were synthe-
sized according to Scheme 1, in which Friedländer condensation
between an o-amino ketone and acetyl group is the main reaction
to construct the desired quinoline rings in TPA-3Qu and TPA-3QuCz.
Primarily, the key intermediate TPA-Ac was prepared from the
simple FriedeleCrafts acetylation of TPA in the presence of acetyl
chloride/AlCl3. Friedländer condensation between TPA and o-ami-
nobenzophene (AB) afforded the first target compound of TPA-Ac.
For the preparation of another target compound TPA-3QuCz, the
key intermediate Cz-Pm containing o-amino ketone needs to be
synthesized by a three-step reaction procedure. The most versatile
and useful method for synthesizing o-amino ketones was a route
via the generation of benzisoxazole from an aromatic nitro com-
pound, followed by reductive cleavage of the benzisoxazole.
Accordingly, Cz-NO2 with one nitro group was synthesized by the
nucleophilic addition of carbazole to 1-fluoro-4-nitrobenzene (FN).
The resultant Cz-NO2 was then subjected to the Stille process, in
which Cz-NO2 was further reacted with benzyl nitrile to generate
CzBz with benzisoxazole ring, followed by the reduction with iron
to obtain the desired Cz-Pm. Friedländer condensation between Cz-
Pm and TPA-Ac resulted in the second target compound of TPA-
3QuCz. The molecular structures of all intermediates and final
products were confirmed by 1H NMR spectroscopy, mass spec-
trometry and elemental analysis.

3.2. TPA-3QuCz and TPA-3Qu solid-state fluorescence behavior

All fluorescence responses of TPA-3QuCz and TPA-3Qu towards
pressure and solvent-fuming processes were illustrated in Fig. 1.
Grinding the TPA-3QuCz powder in a mortar readily changed its
fluorescence color from green to orange and higher pressure load
(10 MPa) by pressing TPA-3QuCz in a hydraulic presser further
switched the fluorescence color to red. Grinding and high-pressure
loading also caused the changes of sample colors from yellow to
pale brown and then from pale brown to orange, respectively. The
pressed TPA-3QuCz can be reversed back to the pristine state
(yellow color and green fluorescence) by fuming the sample in a
close chamber saturated with triethylamine (TEA) vapor. In
contrast to the highly-sensitive TPA-3QuCz, grinding caused no
change on the crystalline TPA-3Qu and a higher pressure load of
10 MPa was required to produce noticeable changes on the color
(from yellow to brown) and the fluorescence (from yellow to or-
ange). The pressed TPA-3Qu can be also reversed to the initial state
by TEA-fuming. The above-mentioned color and fluorescence
changes are so significant that one can easily distinguish them by
direct observation.

The spectral responses towards compression were then moni-
tored. As illustrated in Fig. 2A, the PL emission spectrum of the
initial TPA-3QuCz showed only one broad band located at 500 nm
and grinding caused the emergence of a new band at 612 nm. High-
pressure (10 MPa) loading completely transformed all emission
bands into a new one located at a longer wavelength of 627 nm and
the resultant emission intensity is actually larger than the initial
and the ground samples. Subsequent TEA-fuming transformed the
pressed TPA-3QuCz into the pristine state in view that the TEA-
fumed sample emitted similarly with the initial sample. For TPA-
3Qu, a high-pressure load of 10 MPa was required to cause a
small bathochromic shift of 32 nm (Fig. 2B) in the emission spectra
and TEA-fuming also successfully transformed the pressed sample
to the original one as evidenced by the corresponding emission
spectra. For TPA-3QuCz and TPA-3Qu, the wavelength changes
caused by compression/TEA-fuming cycle can be repeated several
times without noticeable fatigue, which suggests the excellent
reversibility of both samples.

To clarify the possible molecular transformation modes during
compression, wide-angle X-ray diffraction (WAXD) analysis was
conducted. As expected, the initial TPA-3QuCz powders are



Fig. 1. Color (top) and fluorescence (bottom) changes of TPA-3QuCz powders (1Ae3A) and TPA-3QuCz powders (1Be2B) upon compression and TEA-fuming processes (fluores-
cence was observed by irradiated with a 365-nm UV light).
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amorphous materials with no sharp, crystalline (Fig. 3A) diffraction
peak; instead, the overlapped broad bands in the low- (corre-
sponding to d spacing in the ranges of 2.4e8.8 �A) and high- (1.8e
4.0 �A) angle regions suggest the presence of two macroscopic
intermolecular distances in the tri-armed TPA-3QuCz. The sensi-
tivity of the tri-arm structure towards pressure change can be
verified by the fact that gentle grinding completely demolished the
structure representing the high-angle diffraction peak. After high-
pressure load (10 MPa), the low-angle diffraction band however
survived and remained intact, which indicates that no more
macroscopic structural changes occurred during further compres-
sion. Again, the recovery of the two-band pattern in the TEA-fumed
sample represents the regeneration of the original state by TEA-
fuming of the pressurized TPA-3QuCz.

The sharp diffraction peaks in Fig. 3B suggest that the TPA-3Qu
powder is a crystalline material. The sharp diffraction peaks were
mostly destroyed after compression and the remaining tiny peaks
refer to the amorphous nature of the pressed sample. The varied
molecular stacking modes between the crystalline and the amor-
phous metastable samples are therefore responsible for the
Fig. 2. Emission spectra of (A) TPA-3QuCz and (B) TPA-3Qu for (a) the initial samples
observed piezofluorochromism of TPA-3Qu. TEA-fuming recovered
the crystalline structure as evidenced by the regenerated sharp
diffraction peaks.

Pressure-induced structure changes can be monitored by DSC.
The initial TPA-3QuCz (Fig. 4A) exhibited a broad glass transition
(Tg) extended from 180 to 215 �C, which is different from the nar-
row transition (from 212 to 220 �C) observed for the ground sample
of TPA-3QuCz. The broad and the narrow transition features are
consistent with the double and the single WAXD peaks (Fig. 3A)
resolved in the initial and in the ground TPA-3QuCz, respectively.
Continuous compression raised Tg to a higher level of 222e232 �C.
Increase of Tg indicates that compression transformed TPA-3QuCz
into a structure that was difficulty to agitate by thermal energy.
Again, TEA-fuming recovered the structure as viewed by the re-
generated broad transition feature.

DSC thermograms in Fig. 4B suggest that the initial TPA-3Qu is
crystalline material with the detected Tm at around 208 �C. Sub-
sequent compression caused no major change on the DSC ther-
mogram but the presence of a tiny meltingerecrystallization peak
at 107 �C (inset) suggests the presence of new metastable phase in
and sample after b) grinding, c) compression and d) TEA-fuming (lex ¼ 390 nm).



Fig. 3. The WAXD spectra of (A) TPA-3QuCz and (B)TPA-3Qu for (a) the initial samples and sample after b) grinding, c) compression and d) TEA-fuming.

Fig. 4. DSC thermograms of (A) TPA-3QuCz and (B) TPA-3Qu for (a) the initial samples and sample after b) grinding, c) compression and d) TEA-fuming. (heating rate ¼ 10 �C/min).
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the pressed sample. The DSC thermogram of the pressed TPA-3Qu
is similar to that reported for the piezofluorochromic phenothia-
zineeanthracene materials [23]; therefore, same transformation
mechanism that melt state of the pressed TPA-3Qu would transfer
to a more stable state, corresponding to themainmelting transition
at 208 �C, through multiple melt-recrystallization process during
DSC scan before final melting, was proposed here. After solvent-
fuming, the tiny melting-recrystallization peak at 107 �C dis-
appeared and the corresponding DSC thermogram is essentially
identical with the initial one.

The complicated pressure-induced conformation trans-
formation of TPA-3QuCz can be best evaluated from themodel TPA-
3Qu in view of their structural similarity and fortunately, a single
crystal of TPA-3Qu can be grown from methylene chloride/hexane
solvent pair and therefore its crystalline structure can be
Fig. 5. The crystal lattice of TPA-3Qu determined from single-crystal X-ray diffraction
analysis.
determined from the single-crystal X-ray diffraction analysis. The
resultant single-molecule conformer (Fig. 5) adopts a twisted tri-
arm framework with a dihedral angle of 145.6� in between the
two bonds jointing the Qu arm and the central nitrogen atom of the
TPA center. In each of the Qu arms, the phenylene (A ring) and the
quinoline (B ring) units are nearly parallel to each other and
constitute a rigid confacial plane perpendicular to the 3-phenyl (C
ring) substituent of the quinoline unit. The intermolecular
hydrogen-bond (H-bond) interaction between quinoline N-atom
and the benzene para-C-H of the 3-phenyl (C ring) substituent form
the closest intermolecular distance of 1.78 �A.

The twisted, pyramidal TPA center of TPA-3Qu created large
amounts of defects existing in the interfacial area and the
imperfect crystal lattices can be destroyed through slip deforma-
tion triggered by external pressure. Because the perpendicular C
ring is the closest unit neighboring to the quinoline N-atom of
another molecule and conceptually, it will be the most probable
one subjected to conformational change under pressure. During
the intial slip deformation course, two neighboring TPA-3Qu
molecules (Scheme 2) will pass through each other and the
intermolecular steric repulsions forced the neighboring, perpen-
dicular C rings to rotate to a position more co-facial to the rest of
the Qu arm (mainly, A and B rings), leading to the breakage of the
weak H-bonds and the formation of planarized arms with long
conjugation to account for the observed bathochromic shift during
compression. The proposed transformation is basically similar to
the piezofluorochromic compound containing a phenothiazine
and an anthracene moieties [23].

To probe for possible structural transformation for the amor-
phous TPA-3QuCz, molecular computation using Molecular Studio
(MS) software was conducted. The minimum-energy, single-
molecule conformer in Scheme 3 (upper) also possesses a highly-



Scheme 2. The planarization of Qu arms during compression of TPA-3Qu.
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twisted pyramidal TPA center. Most notable feature of the resultant
conformer is that the terminal carbazole and 3-phenyl (C ring) rings
of the QuCz arms are arrayed nearly perpendicular to the rigid
plane constituted by the co-facial A and B rings (lower Scheme 3).
Here, the bulky carbazole termini create interfacial defects result-
ing in the observed amorphous disorder. During the slip deforma-
tion trigged by grinding forces, the large carbazole rings were the
initial points subjected to conformational transformation and will
rotate to a position more paralleling to the co-facial A and B rings,
leading to extended conjugation correlated to the observed large
bathochromic shift of 112 nm. Before grinding, the intermolecular
Scheme 3. The energy-minimized conformer (upper) of TPA-3QuCz simulated from
Molecular studio (MS) software and the planarization (lower) of QuCz arm during
compression of TPA-3QuCz.
distances between perpendicular carbazole rings and the neigh-
boring molecules are responsible for the broad WXRD diffractions
in the high-angle regions (cf. Fig. 3A); after grinding, planarization
of the carbazole ring resulted in the disappearance of the structure
units with small intermolecular distances and only structural units
with longer intermolecular distances survived. After grinding, TPA-
3QuCz molecules with planarized arms generate amorphous
structures with less interfacial defects, which may be responsible
for the observed high Tg (cf. Fig. 4A) of the ground sample of TPA-
3QuCz.

Further compression resulted in no macroscopic structural
change as judged by the immobile WAXD spectra (Fig. 3A);
nevertheless, certain conformational change must occur in order to
correlate with the observed bathochromic shift of the fluorescence
spectrum (cf. Fig. 2A). The intact WAXD spectra before and after
compression may only indicate that there was no further macro-
scopic conformational change but instead aminor change involving
small adjustment on the perpendicular 3-phenyl ring (C ring) may
be responsible for the continued bathochromic shift (w15 nm) at
this stage. Similarly, C rings rotated to a positionmore paralleling to
the rest of the rigid portions in the already-planarized arm,
resulting in the extension of the conjugation length and the
observed bathochromic shift.
4. Conclusion

In summary, a highly-sensitive piezofluorochromic amorphous
material of TPA-3QuCzwas prepared andwas shown to have a large
bathochromic shift of 112 and 127 nm after grinding and pressing,
respectively; in contrast, crystalline TPA-3Qu with small arms
showed a comparatively smaller shift of 32 nm after compression.
Molecular transformation mechanism with continuous planariza-
tion of the arms was proposed to account for the observed piezo-
fluorochromism. Slip deformation caused the rotation of the
perpendicular carbazole (or 3-phenyl) ring to a position more co-
facial to the rest of the arm units, leading to the extended conju-
gation lengths and the observed bathochromic shifts in both TPA-
3QuCz and TPA-3Qu systems.
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